Abstract: The boron alkali molybdate glass system was investigated as lead-free low-temperature melting sealing materials, with different boron oxide contents between 0 and 8 mol%. The glasses were characterized using X-ray diffraction (XRD), differential scanning calorimetry (DSC), infrared spectroscopy (IR), and by densities. Their chemical properties were measured by their dissolution rates (DR) and by Product Consistency Test (PCT). As the boron oxide contents were increased, the glasses maintained their low temperature properties (Tg under 175 ℃) and new network formers of [BO3] triangular units and [BO4] tetrahedral units appeared. The results confirmed that boron oxide doped molybdate glass is a candidate low-temperature sealing material. The introduction of small amounts of B2O3 causes a change in the amorphous network's main structural units from molybdate units to a mixture of molybdate and borate units. The glasses possess MoO4, MoO6, BO3 and BO4 groups as basic structural units. In this study, the amount of MoO3 was much higher than that of B2O3, so the boroxol ring structure occurred much less frequently than molybdates as a network former. But addition of B2O3 leads to an increase in the number of bridging oxygens and strengthens the glass network. As a result, the overall glass system becomes more rigid, and chemical durability is improved. †
INTRODUCTION
Sealing glass has applications in vacuum engineering and in electronics. Optical elements and electronic devices now being developed also need advanced sealing materials with low sealing temperatures, that do not damage the substrates [1] [2] [3] [4] [5] [6] . This requirement has led to specialized research on sealing glasses. Low-temperature sealing glasses typically involve lead-based glass, but lead creates problems for human health and the environment [2, 3] . The properties required in sealing glasses are a low transition temperature (Tg), a low softening temperature (Ts), chemical durability, and low cost [2] . Molybdate glass systems satisfy these properties, especially the low temperature properties. Molybdates have a high coordination number, favoring crystallization during cooling, and rapid quenching can be used to promote glass formation; however, this is not the only process available, as molybdates are conditioning formers [7, 8] . Molybdate glasses *Corresponding Author: Bong-Ki Ryu [Tel: +82-51-510-3200, E-mail: bkryu@pusan.ac.kr] Copyright ⓒ The Korean Institute of Metals and Materials also have characteristics that make them candidates for practical applications such as amorphous semiconductors and solid electrolytes [9] . By adding alkali oxides, molybdate glasses with ultra-low thermal properties are obtained, as shown in, for example, the study by Vaghese.
There is, however, a practical limit on the sealing applications of such glasses, because of their poor chemical durability [10] . We reproduced Varghese's experiments and produced alkali molybdate glass, and found that its surface reacts with atmospheric water vapor. For practical applications, it will be necessary to improve chemical durability of the molybdate glasses, especially their water solubility.
The purpose of the present study was to characterize the role of B2O3 in the structure of molybdate glass and to consider its use in ultra-low temperature sealing glass.
EXPERIMENTAL PROCEDURE

Glass preparation
Glass samples with the composition of xB2O3- (100-x)(10Li2O-10Na2O-20K2O-60MoO3) (x = 0, 2, 4, 6, 8 mol%) (the abbreviation xBMG designates x mol%-B2O3 molybdate glass) were prepared using B2O3, Li2CO3, Na2CO3, K2CO3, and MoO3, obtained from the Junsei Chemical Co.(Japan). Each sample batch was mixed and ground repeatedly for homogenization. The batches were melted at 1200 ℃ in an alumina crucible under normal atmospheric conditions for no more than 10 min to minimize volatilization of the glass components. Because of the high crystallization tendency of the melts, they were quenched in an ice-ethanol bath. The samples so obtained were in 0.1-0.2 cm flat fragments rather than in bulk form.
Measurements
The amorphous state of the samples was confirmed by X-ray diffractometry (XRD, Rigaku-Ultima Ⅳ). The thermal properties of the glasses were measured using differential scanning calorimetry (DSC) at a heating rate of 10 ℃/min; Figure 1 shows the XRD data for the xBMG (x = 0, 2, 4, 6, 8 mol%) samples prepared. All data indicate a conventional amorphous phase.
RESULTS AND DISCUSSION
Glass formation region
Thermal properties
The thermal analyses of the xBMG samples (x = 0, 2, 4, 6, 8 mol%) are presented in Fig. 2 . The first endothermic peak below 100 ℃ is associated with surface water desorption, and marks the start of the second endothermic peak. The Tg is in the range 159-175 ℃. Around 220 ℃, an endothermic reaction occurs because of the loss of structural water molecules bonded to layers of (MoO5OH2) octahedra in the hydrated compound [13] . The exothermic peak at 263-336 ℃ 대한금속･재료학회지 제55권 제12호 (2017년 12월) indicates the crystallization temperature (Tc); both Tg and Tc values increase with increasing boron oxide mol%. After heat treatment for 2 hours at 350℃ the samples showed several crystalline phases such as Li2Mo2O7, Na2Mo2O7 and K2MoO4.
The endothermic peak at 400-410℃ indicates the melting temperature (Tm). From the curves for different boron oxide mol%, it is seen that when B2O3 is doped into molybdate glasses, the crystallization temperature increases and the thermal stability (Tc -Tg) is improved. The analysis by DSC shows that by introducing small amounts of B2O3, thermally stable molybdate glasses with a low Tg (under 175 ℃) are produced. Consequently, these glasses can be used at a sintering temperature between 175~263 ℃.
Chemical durability
Generally, the dissolution rate of glass increases when the glass structure is weakened [14] . Figure 3 Both of these methods show that the boron oxide doping of alkali molybdate glass produces increased water durability. In this study, an alumina crucible was used to make the glass samples, and Al2O3 can be leach into glasses. Al2O3 is known to be an intermediate oxide. If the Al2O3 acts as a glass network former, it could help to improve chemical durability.
However, all samples were found to have a similar amount of Al content. Therefore, Al's influence on chemical durability can be neglected. Figure 4 shows density as a function of B2O3 content. , respectively) also showed only a small difference in density.
Density
When B2O3 is doped into an alkali molybdate glass, a new network former is created in the glass system, but as the B2O3 content is increased, the density will not decrease uniformly.
Theoretically, the density should linearly decrease because 2 wt% of the alkali molybdate glass system is always substituted with B2O3 from 0BMG to 8BMG, and the molecular mass of the dopant B2O3 is much smaller than the corresponding volume in the alkali molybdate glass system.
However, the density measurements here did not indicate a linear decrease. We can assume that when B2O3 is added initially, the first density difference results from molecular volume differences between the B2O3 and the molybdate glass system. Then, with the further addition of B2O3, the density reduction should be in proportion to the initial rate of reduction. However, the measured density was found to be higher than the theoretical value, and we conclude this indicates that the glass structure has changed.
This phenomenon is generally consistent with the abnormal phenomenon of borate glass. Experiments by Doweidar have shown that mixed alkali borate glasses have the same tendency for structural change as binary alkali borate glass.
For R2O contents greater than 33 mol% in mixed alkali borate glass systems, as more alkali oxide is added, more non-bridging oxygen ions (NBOs) are created in the borate matrix [15] . These NBOs are formed at the expense of BO4 units [15] . Because units containing NBOs tend to have greater volume than those without NBOs, they should also have a lower density [15] . In the current study, as B2O3 doping is increased, the R2O/B2O3 ratio will decrease; consequently, the amount of NBOs will also decrease and the number of BO4 structure units will increase.
This was confirmed by the IR data. It is a straightforward conclusion that the density of these glasses will decrease because the heavy glass components are replaced by the considerably lighter B2O3 units. However, the discrepancy between theoretical and measured densities will increase as a 대한금속･재료학회지 제55권 제12호 (2017년 12월) result of bridging oxygens.
Structural properties
The IR spectra of the prepared xBMG glasses are shown in polyhedral units that contain partially-isolated Mo-O bonds and Mo-O-Mo bridge bonds [20] . In this study, the shoulder of 940cm -1 is strengthened as more boron oxide is doped. with bridging oxygen [11] . Then the addition of B2O3 increases the number of bridging oxygens in the glass system.
As a result, the glass structure becomes rigid, and this confirms the results of the previous density and the improved water durability. As another possibility, the number of B-O-B linkages also increases when the MoO3/B2O3 ratio decreases.
The glass network therefore also contains boroxol ring structures [22] .
However, in this study, the amount of MoO3 is much higher than that of B2O3, so the boroxol ring structure still occurs much less frequently than molybdates as a network former. In the report by Fabian, it was argued that molybdate plays a larger role as a network former than boroxol rings because BO3 and BO4 are organized into superstructure units, as well as there being a contribution from partly-separated BO3 triangles [22] . It was also concluded that MoO4 units prefer to link to dissimilar types. [22] From these two conclusions, the network structure is more likely to be 
CONCLUSIONS
In this experimental study of boron oxide-doped molybdate Mo-O-B bridge bonds, and an increasing number of BO4 structure units, which promotes a three-dimensional nature to the network structure and consequent steric effects.
